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Recently, multiferroic materials have attracted considerable interest for the simultaneous coexistence of ferroelectricity, ͑anti͒ferromagnetism, and ferroelasticity.
1-6 BiFeO 3 , which shows ferroelectricity with a Curie temperature ͑T C ͒ of ϳ1103 K and antiferromagnetic properties with a Néel temperature ͑T N ͒ of 643 K, is one of the most widely investigated multiferroic materials. 7 Epitaxial BiFeO 3 thin films with a remnant polarization of 55 C / cm 2 have been fabricated by pulsed laser deposition ͑PLD͒.
1 This large polarization makes BiFeO 3 thin films very attractive for memory applications. 3 However, one of the main drawbacks that could limit the applications of this material is the high leakage current density, which is related to the oxygen vacancies and oxidation states of Fe. [8] [9] [10] [11] Efforts have been made to reduce the leakage current density by either introducing dopants or using different fabrication methods. 9, 10, [12] [13] [14] [15] [16] [17] We have recently demonstrated that the leakage current density can be greatly reduced by forming ͑BiFeO 3 ͒ 0.5 : ͑Sm 2 O 3 ͒ 0.5 nanocomposite films. 18 In the present work, we investigated the leakage mechanisms and the origin of the reduction of leakage current density in ͑BiFeO 3 ͒ 0.5 : ͑Sm 2 O 3 ͒ 0.5 nanocomposite films.
͑BiFeO 3 ͒ 0.5 : ͑Sm 2 O 3 ͒ 0.5 nanocomposite films were deposited on ͑001͒ oriented conductive Nb-doped SrTiO 3 ͑Nb-STO͒ substrates by PLD. The experimental details have been described elsewhere. 19 The thickness of films, measured by transmission electron microscopy ͑TEM͒, is 150 nm. Analyses from both high-resolution x-ray diffraction and TEM revealed self-assembled epitaxial two-phase BiFeO 3 ͑BFO͒ and Sm 2 O 3 ͑SmO͒ nanocomposites. 18, 19 For comparison, pure BFO and SmO thin films with the same thickness were fabricated on ͑001͒ oriented Nb-STO substrates using the same processing parameters. To investigate the postannealing effect, some pure BFO thin films were subjected to an in situ annealing in oxygen ͑ϳ500 Torr͒ at a temperature of 390°C for 60 min. For electrical measurements, vertical sandwich capacitors with a configuration of Pt/ BFO: SmO / Nb-STO ͑or Pt/BFO/Nb-STO and Pt/ SmO / Nb-STO͒ were fabricated by depositing Pt top electrode with an area of 1 ϫ 10 −4 cm 2 . The current-voltage characteristics were measured using a Keithley 487 picoammeter/voltage source with the delay time of 5 s. The polarity of bias is defined as negative or positive according to the negative or positive voltage applied to the Pt electrode. The film morphology was examined by scanning electron microscopy ͑SEM͒. To evaluate the optical refractive index, spectroscopic ellipsometry ͑SE͒ measurements ͑variable angle spectroscopic ellipsometor, J. A. Woollam Co., Inc.͒ were carried out at the incident angles of 60°, 65°, and 70°. biases are asymmetric; this may originate from the different work functions of Pt and Nb-STO electrodes. 20 It is clear that J as-depositedBFO ӷ J annealedBFO ӷ J BFO:SmO ӷ J SmO at a given electric field. Qi et al. 9 reported that oxygen vacancies rather than Fe 2+ are the main cause for the high leakage current density in BFO. Many studies have shown that oxygen vacancies in ferroelectric thin film can be reduced by annealing the film in oxygen. 10, 21 This may explain the lower leakage current density of the annealed BFO than that of the asdeposited BFO. It is worth noting that the leakage current density of BFO:SmO nanocomposite films is three orders of magnitude lower in comparison with as-deposited BFO films. Since the nanocomposite films were fabricated under the same conditions as those of as-deposited BFO films, there should be another reason rather than the annealing effect for the reduced leakage current density in the nanocomposite films.
To investigate the leakage behavior, we have considered three different leakage mechanisms: the Poole-Frenkel ͑PF͒ emission, the space-charge-limited current ͑SCLC͒, and the Fowler-Nordheim ͑FN͒ tunneling. If the leakage is controlled by the PF emission, which originates from the fieldassisted thermal ionization of trapped carriers into the conduction band of thin films, the leakage current density can be expressed as 22, 23 
where A is a constant, t is the trap ionization energy, e is the elementary charge, T is the temperature, k is the Boltzmann's constant, opt is the optical dielectric constant, and 0 is the permittivity of free space. On the other hand, if the leakage is dominated by the SCLC, which originates from the density of free electrons due to the carrier injection becoming greater than the density of thermally stimulated free electrons, the leakage current density can be expressed as
where is the mobility of charge carriers, r is the relative dielectric constant, and L is the film thickness. Furthermore, if the leakage is controlled by the FN tunneling, the leakage current density can be expressed as
where B and C are constants and i is the potential barrier height. Therefore, the J-E characteristics of PF emission, FN tunneling, and SCLC can be characterized by the linear relationships of ln͑J / E͒ − E 1/2 , ln͑J / E 2 ͒ − ͑1 / E͒, and log͑J͒ − log͑E͒ with a slope around 2. Figure 2 shows log͑J͒ versus log͑E͒ characteristics of as-deposited BFO, annealed BFO, and nanocomposite BFO:SmO films at positive bias. The slopes are close to 1 and the leakage currents show Ohmic behavior at relatively lower electric fields. In the high electric field range ͑Ͼ ϳ 75 kV/ cm͒, the log͑J͒ − log͑E͒ plots are linear and the slopes are close to 2, which agree well with the SCLC mechanism. The SCLC is considered as a normal leakage behavior and correlates with oxygen vacancies in BFO materials. 9, 10 In addition, we also studied the J-E characteristics of as-deposited BFO, annealed BFO, and BFO:SmO films at negative bias. In the low electric field range ͑Ͻ50 kV/ cm͒, the log͑J͒ versus log͑E͒ plots are linear and the slopes are around 2 ͑not shown͒, indicating the conduction is controlled by SCLC. Figure 3 shows ͑a͒ ln͑J / E 2 ͒ versus ͑1 / E͒ characteristic of as-deposited BFO film and ͑b͒ ln͑J / E͒ versus E 1/2 characteristics of BFO:SmO and annealed BFO films at negative bias. For the as-deposited BFO film, the leakage currents show FN tunneling behavior in the electric field above 180 kV/ cm. On the other hand, the ln͑J / E͒ − E 1/2 plots of BFO:SmO and annealed BFO films show linear relation in the electric field above 50 kV/ cm. The opt of BFO:SmO and annealed BFO films, with values of 6.45 and 5.19, respectively, can be calculated from the slopes of ln͑J / E͒ versus E 1/2 plots. 26 The optical refractive index ͑n͒ can be determined from the optical dielectric constant with a relationship of n = ͱ opt . For BFO:SmO and annealed BFO films, the n can be evaluated as 2.54 and 2.28, respectively. The n can also be measured directly from the SE measurement through model based analysis. The measured n values are 2.42 and 2.58 at the wavelength of 633 nm for BFO:SmO and annealed BFO films, respectively. The n values calculated from slopes of ln͑J / E͒ versus E 
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range above 50 kV/ cm. The PF emission is commonly considered as an acceptable leakage behavior and the likely trap center is Fe 2+ in BFO films. 10, 11 In summary, the leakage mechanisms of BFO:SmO nanocomposite films are the same as those of annealed BFO films.
As demonstrated by the cross-sectional TEM image, the BFO and SmO columns in nanocomposite films are connected in parallel with a device configuration of Pt/ BFO: SmO / Nb-STO. 18 Because the leakage mechanisms of nanocomposite films are the same as those of the annealed BFO films and SmO ӷ BFO:SmO ӷ BFO ͑ is the resistivity͒ in a given electric field, the leakage current in nanocomposite films should be controlled by the BFO phase. On the other hand, the reduction of oxygen vacancies, as we discussed earlier, can lead to the reduction of leakage current density in the annealed BFO films in comparison with the as-deposited BFO films. Therefore, the reduction of leakage current density in BFO:SmO nanocomposite films implies the reduced oxygen deficiencies in the BFO phase.
It should be noted that another possible origin of reduction of leakage current density is the change of film morphology. Normally, the grain boundaries are known to be high leakage current paths. 27 Then the increasing grain size should contribute to the reduction of leakage current. 28 Figure 4 shows the SEM images of ͑a͒ as-deposited BFO film and ͑b͒ BFO:SmO nanocomposite. Uniform grains with a size of 300 nm distributed homogeneously in the as-deposited BFO film. For BFO:SmO nanocomposite, no obvious feature was observed. This is mainly because of the small size of the BFO and SmO nanocolumn in the nanocomposite. 19 It is clear that the grain size of as-deposited BFO is much larger than that of BFO:SmO nanocomposite. Therefore, the morphology effect is not the origin of the reduction of leakage current density in the current study.
To illustrate the effects of the reduced leakage current density on the physical properties, we have compared the dielectric and ferroelectric properties of BFO:SmO nanocomposite with those of as-deposited BFO thin films. The dielectric loss of BFO:SmO nanocomposite is much lower than that of as-deposited BFO film. 18, 19 This is consistent with reported results that ferroelectric material with lower leakage current typically shows smaller dielectric loss. 10 The polarization-electric field hysteresis loop of BFO:SmO nanocomposite was measured ͑not shown͒. Due to the low leakage current nature, a high electric field could be applied up to 2 MV/ cm. A remnant polarization ͑P r ͒ of 23.3 C / cm 2 was observed, remarkable higher than the value of as-deposited BFO film.
In conclusion, BFO:SmO nanocomposite films have been deposited on conductive Nb-STO substrates by PLD. The leakage mechanisms have been investigated and compared with those of as-deposited and annealed BFO films. For nanocomposite films, the dominant leakage mechanisms are SCLC and PF emission for positive and negative biases, respectively, which is the same as leakage mechanisms of annealed BFO films. The leakage current density of nanocomposite films is three orders of magnitude lower than that of as-deposited BFO films, which originates from the less oxygen deficiencies in the BFO phase. The present work represents an alternative approach to reduce leakage current density of BFO thin films by forming vertical nanocomposite architecture.
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